INTRODUCTION
g protein-coupled receptors (gPcrs) are attractive therapeutic targets. their presence on the cell surface allows extracellular molecules to bind and stabilize active gPcr conformations that can subsequently provoke intracellular responses. although the overall folding of gPcrs has been known for quite a while, three-dimensional structures of several family members have only recently been elucidated 61, [64] [65] [66] 71, 72, 194, 214, 215 . this breakthrough was one of the main reasons why the nobel Prize 2012 for chemistry has been awarded to Drs robert lefkowitz and Brian Kobilka for their pioneering work on gPcrs. Knowledge on ligand-receptor interactions and their downstream effects is important to design specific compounds with less side effects 52 . Both inactive and active gPcr structures are currently available but we are not yet able to predict ligand efficacy on the design table. this prediction is further complicated by the realization that multiple active receptor conformations exist that couple to multiple downstream effector proteins and pathways with distinct propensities 22, 50, 216 . the idea that some ligands may preferentially stabilize different conformation lead to the identification of biased ligands, in which an agonist in pathway a can be an antagonist in pathway B 206 . Biased gPcr signalling clearly further complicates drug discovery efforts, but also holds the promise to design specific biased ligands that antagonize adverse signalling routes while stimulating beneficial responses 22, 40, 54, 217 . the human histamine h 4 receptor (hh 4 r) belongs to the class a gPcr family and is considered an important receptor in immune and inflammatory processes 218, 219 . Since its discovery in 2000 the hh 4 r has been shown to signal via heterotrimeric gα i proteins 18, 19, 84, [86] [87] [88] . however, the reference antagonist JnJ 7777120 138 was recently identified as partial agonist in a β-arrestin2 recruitment assay 140 . Subsequent analysis of 31 known h 4 r ligands revealed both gα i protein and β-arrestin2 biased ligands that covered different chemical classes 175 . interestingly, all five tested indolecarboxamides (JnJ 7777120 analogues) in that study were fully biased towards the β-arrestin2 pathway and exhibited partial agonistic activity. recently, we developed a series of JnJ 7777120 analogues with subtle chemical switches to optimize their affinity for the hh 4 r 220 . this set of compounds is extremely useful to systematically investigate molecular features responsible for biased hh 4 r signalling. in this study, we therefore determined the intrinsic activity of 48 indolecarboxamide analogues in β-arrestin2 recruitment and gα i signalling, followed by a detailed structure-activity analysis. We were able to identify molecular features that are positively or negatively correlated with the ability of ligands to induce biased hh 4 r signalling. the current study is one of the first to use computational analysis 221, 222 to correlate ligand structures with intrinsic activities. moreover, with a hh 4 r homology model we could identify receptor regions important for biased hh 4 r signalling. this is a promising first step towards the identification of ligand efficacy hotspots that may allow the rational design of ligands with specific gPcr (biased) activity and that will aid the understanding of gPcr activation.
METHODS

Materials
cell culture media used for the heK293t and U2oS-h4r cells were purchased from Paa (Pasching, austria) and invitrogen (carlsbad, ca, USa), respectively. Forskolin and histamine were bought from Sigma aldrich (St. louis, mo, USa). Synthesis of the indolecarboxamide analogues was previously described 220 .
Cell Culture and Transfection heK293t cells were cultured in Dulbecco's modified eagle medium (Dmem) supplemented with 10% fetal bovine serum (FBS), 50 IU•mL -1 penicillin, and 50 μg•mL -1 streptomycin at 37°c and 5% co 2 . two million cells were seeded per 10 cm dish one day prior to transfection. approximately four million cells were transfected with 5 μg of cDna using the Pei method. Briefly, 2.5 μg hh4r cDna was supplemented with 2.5 μg cre-luc plasmid to a total of 5 μg cDna and mixed with 20 μg of 25 kDa linear polyethyleneimine in 500 μl of 150 mm nacl. this transfection mix was incubated at 22°c for 10-30 minutes and subsequently added drop wise to a 10 cm dish containing 6 ml of fresh culture medium. Pathhunter™ U2oS β-arrestin2:ea cells stably expressing the human histamine h4 receptor (U2oS-h4r) 140 were cultured in minimum essential media (mem) containing l-glutamine supplemented with fetal bovine serum (10% v/v), penicillin (100 IU•mL ) at 37°c, 5% co 2 . on they day prior to the β-arrestin2 recruitment assay, 10,000 cells per well were seeded in a white, clear bottomed 384 well ViewPlate (Perkinelmer, UK) in 20 μl mem supplemented as described previously and incubated at 37°c, 5% co 2 .
CRE (cAMP response element) luciferase reporter gene assay transiently transfected heK293t cells were stimulated for 6 hours with indicated indolecarboxamides or DmSo (1%) in serum-free Dmem containing 1 μm forskolin at 37°c, 5% co 2 . Subsequently, the medium was aspirated and 25 μl of luciferase assay reagent (lar, 0.83 mm atP, 0.83 mm d-luciferine, 18.7 mm mgcl 2 , 0.78 μm na 2 hPo 4 , 38.9 mm tris hcl (ph 7.8), 0.39% glycerol, 0.03% triton X-100 and 2.6 μm Dtt (dithiothreitol)) was added to each well. luminescence (1 second per well) was measured in a Victor 3 1420 multilabel reader (Perkinelmer) after a 30 minutes incubation at 37°c, 5% co 2 .
β-arrestin2 recruitment assay U2oS-h4r cells were stimulated with increasing amounts of indolecarboxamides or DmSo (1%) for 2 hours at 37°c, 5% co 2 in assay buffer (hanks balanced salt solution (hBSS) supplemented with 20 mm hePeS and 0.1% bovine serum albumin). Directly after stimulation 25 μl Flash detection reagent (Discover X ) was added and cells were further incubated for 15 minutes at 22°c on a table shaker. luminescence was measured on a lead Seeker imaging system (ge healthcare, UK).
Data analysis and statistical procedures
all data was analysed with graphPad Prism v5 software. Functional concentration-response curves were fitted to a three-parameter response model. intrinsic activity was determined from the fitted graph top values and normalized for agonists to the full histamine response (100%) or for inverse agonists to the thioperamide response (-100%). Statistical differences (p<0.05) between intrinsic activities of sub-series of compounds were determined using one-way anoVa, followed by Dunnett's multiple comparison test.
FLAP 3D-QSAR model building the dataset used for FlaP 3D-QSar modelling contained 48 indolecarboxamides with intrinsic activity values ranging from 13 to 100% β-arrestin2 recruitment towards the hh 4 r. 3D compound structures were generated from SmileS strings using Sybyl-X v.1.3 with an energy threshold of maximum 20 Kcal•mol -1 . Protonated forms for each molecule at ph 7.4 were generated using an internal tool integrated in FlaP 223 , based on the moKa algorithm 224 . Stereoisomeric forms were considered for chiral compounds 44, 53, 65 and 73. Subsequently, a FlaP database was instructed to generate a maximum of 50 conformers with rmSD value between two conformers of 0.3 Å and an energy window of 20 Kcal•mol -1 maximum. molecular interaction Fields (miFs) were derived from interaction energies with the ligands at specific grid points, as determined by the h (shape), DrY (hydrophobic), n1 (h-bond acceptor), and o (h-bond donor) probes defined in the griD force field 225 with a grid spatial resolution of 0.75 Å. Partial least Square (PlS) analysis was used to correlate the miFs to the intrinsic activities of the different indolecarboxamides. one latent variable (lV1) was set up for the QSar study, since additional components did not lead to either fitting (r2) or predictivity (Q2) improvement (data not shown). this means that only one lV was capable to extract all the information contained in the griD-miF descriptors.
Construction of a hH 4 R homology model the hh 4 r model was built in homology to the hh 1 r crystal structure 72 and the binding pose of compound 1 were described previously 157 . We used the pose of compound 1 as initial binding mode for the other ligands, which were rebuilt using moe version 2011.10. the models were then subjected to energy minimization using the mmFF94x force field with fixed position of the protein backbone atoms.
RESUlTS
Evaluation of indolecarboxamides in a cAMP reporter gene assay Forty-eight indolecarboxamides (i.e. JnJ 7777120 analogues, see supplementary table 4-i) and the endogenous agonist histamine were screened (n=2) for their ability to modulate forskolin-induced gα i -dependent cre activity in hh 4 r-expressing cells . one indolecarboxamide (compound 75) surprisingly showed positive intrinsic activity of 82±4% compared to full agonist histamine (eff. 100%). all other compounds including 1 (JnJ 7777120) (eff. -83±6%) were (weak) inverse agonists (Figure 4-1a) . Full concentration-response curves (n=3) were performed for compound 75 and histamine (Figure 4-1B) . compound 75 was identified as full agonist (105±5%) with a potency value (pec 50 =6.4±0.1) that equals its affinity (pK i =6.4±0.1) 220 , but is lower than histamine (pec 50 =8.1±0.1) . to confirm that the observed full agonism of 75 is indeed mediated by the hh 4 r, we added increasing concentrations of 1 (JnJ 7777120) to concentration-response curves of 75. JnJ 7777120 progressively shifted the curves of compound 75 to the right and lowered the basal hh 4 r signalling, as can be expected from an inverse agonist (Figure 4-1c) . Schild analysis (slope=0.9±0.1) showed that 75 and 1 (JnJ 7777120) interact with hh 4 r in a competitive manner (Figure 4-1D) . moreover, the pa 2 (8.5) of 1 (JnJ 7777120) closely resembled its pK i (8.3) for the hh 4 r 220 .
FIGURE 4-1. Intrinsic activities of indolecarboxamides in CRE assay. Activity of indolecarboxamides in a β-arrestin2 recruitment assay all indolecarboxamides were able to recruit β-arrestin2 to hh 4 r. Within our dataset we could identify compounds with a wide range of potencies (pec 50 =5.3±0.1 to 8.3±0.1) and intrinsic activities (eff.=13±3% to 95±4%). compound 75, above identified as the only indolecarboxamide that exhibited agonism towards cre activity, displayed the highest intrinsic activity in recruiting β-arrestin2 to hh 4 r (75, eff.=95±4%). compound 44 is one of the less effective compounds of the indolecarboxamide series (44, eff.=14±3%). Substituents at specific positions (r4-r7) on the aromatic ring showed diverse effects on the intrinsic activity of the compounds (75 vs 1 vs 10), whereas changes in the basic moiety (i.e. methylpiperazine) significantly reduced the intrinsic activity (49 vs 73) (Figure 4 -2).
<< Intrinsic activities of indolecarboxamides in a hH4R
JnJ 7777120 (1) contains a chlorine atom at position r5, which yields an intrinsic activity for β-arrestin recruitment of 62±4%. if this chlorine is replaced with a nitro group (28), the resulting intrinsic efficacy (62±4%) is not significantly changed compared to JnJ 7777120 (1), whereas moving the nitro group to position r4 is not favoured (21, eff.39±4%) (Figure 4-3) . interestingly, moving the nitro group to r7, in combination with the chlorine of JnJ 7777120 (1) at r5 results in a switch to full agonism in both the gα i (105±5%) and β-arrestin (95±4%) pathways (Figure 4-1a and 4-5B).
Identification of structural features important for potency and intrinsic activity of indolecarboxamides the indolecarboxamide dataset allows for a detailed investigation of the structural features that are correlated with intrinsic activity to recruit β-arrestin2 to the hh 4 r. First, we compared different positions (r4, r5 and r6) of the chlorine atom on the aromatic ring of the indolecarboxamides to the compound without aromatic ring substituents. addition of a chlorine atom at position r5 is the most favourable in terms of intrinsic activity (1, eff.=62±4%), whereas a chlorine substituent at position r4 (18, eff.=53±1%) was comparable to the un-substituted aromatic ring (10, eff.=47±4%). although r4 is not the optimal position for the chlorine atom, it does not appear to interfere with the chlorine at r5, with the doubly (r4,r5) substituted compound 48 (eff.= 63±4.5%) having comparable intrinsic activity to JnJ 7777120 (1). however, addition of a chlorine atom at position r6 results in a significant decrease in efficacy (31, eff.=30±1%) (Figure 4-4a) . the chlorine atom at position r5 displayed the highest potency (1, pec 50 =8.0±0.1) and the chlorine at position r6 the lowest potency (31, pec 50 =6.8±0.1) in this subseries.
next, different substituents were evaluated at position r5. a chlorine atom (1, eff.=62±4%) or a nitro group (28, eff.=62±4%) showed the highest intrinsic activity and an amine group (29, eff.=57±3%) was also tolerated. larger substituents at position r5, such as a methoxygroup, were less favourable and showed a significant loss in intrinsic activity (26, eff.=44±6%) and moreover a 400-fold decrease in potency compared to 1 (Figure 4-4B ). in addition, potency values for 28 (pec 50 =7.0±0.0) and 29 (pec 50 =7.4±0.1) decreased more than 5-fold compared to 1 (pec 50 =8.0±0.1).
FIGURE 4-3. Effect of nitro substituent on β-arrestin2 intrinsic activity. We have previously demonstrated (Figure 4-3 ) that addition of a nitro group into r7 results in a significant increase in intrinsic activity compared to the un-substituted compound JnJ 7777120 (1). When we further explored this position, we found that substituting this nitro group with either methyl (50, eff.=63±4%), amine (51, eff.=58±4%) or a fluor atom (49, eff.=57±2%), resulted in activity comparable to JnJ 7777120 (1), demonstrating that there is very steep Sar at this position and only the nitro group is able to increase intrinsic activity. interestingly, although the nitro group resulted in higher intrinsic efficacy, this was coupled with a loss in potency (75, pec 50 =6.0±0.1) compared to the other compounds in this sub-series (pec 50 =7.8 -8.2). Finally, we evaluated the effect of different basic side chain structures on the intrinsic activity of indolecarboxamides to recruit β-arrestin2. compound 49 has a methylpiperazine side chain, and demonstrated highest intrinsic activity in this sub-series (eff.=57±2%). replacement of this methylpiperazine with a piperazine ring (74) had very little effect on intrinsic activity (eff.=50±0%), whereas substitutions with azetidin-3-yl pyrrolidine (71, eff.=35±1%), 3-aminomethyl azetidine (72, eff.=37±3%), 4-methyl-1,4-diazepane (69, eff.=36±2%) or 3-aminomethyl pyrrolidine (73, eff.=19±5%) all resulted in a significant decrease in intrinsic activity Potency values of all tested indolecarboxamides to stimulate β-arrestin2 recruitment to hh 4 r are linearly correlated with their hh 4 r binding affinity values that we previously reported 220 (slope=1.1±0.1, r 2 =0.89) (Figure 4-5a ). in contrast, no correlation was observed between intrinsic activity and affinity values (Figure 4 -5B). 
U2OS-H4R cells were stimulated with indicated amount of indolecarboxamides to evaluate the effect of NO
A) Linear correlation between affinity and β-arrestin2 recruitment assay potency values. Green dot represents compound 75 (left inset) and the red dot represents reference compound 1 (JNJ 7777120, right inset). Linear regression line is shown as grey dotted line. B) No correlation was found between affinity and intrinsic activity in a β-arrestin2 recruitment assay. Data shown are pooled data from at least three experiments performed in duplicate. Error bars indicate SEM values. HA=histamine
Unravelling ligand interaction regions by FLAP-3D-QSAR the dataset presented in figures 4-2 -4-4 were analysed using FlaP (Fingerprints for ligands and Proteins) 3D-QSar computational-based analysis 223 . Four-point pharmacophores (quadruplets) derived from molecular interaction Fields (miFs) 225 were used to align JnJ 7777120 and its analogues 2-77 for the construction of a FlaP 3D-QSar model (Figure 4-6a) . miF hotspots derived from this analysis revealed essential molecular interaction features that are either favourable or unfavourable for the intrinsic activity of indolecarboxamides to recruit β-arrestin2 to the hh 4 r. the correlation plot of experimental versus predicted intrinsic activity values (r 2 =0.76; Q2=0.51) showed three outliers (i.e. 31, 35 and 75) (Figure 4 -6B, red dots). these outliers can be explained by the very low variability of the Sar space on position r6 (31 and 35), while for compound 75 the cause probably lies in the large efficacy gap between 75 and the remaining dataset compounds, as well as the fact that this compound is the only unbiased compound of the series. the three outliers were therefore excluded from the analysis and a new intrinsic activity model was computed (Figure 4 -6B, blue dotted line) that displayed a better fit and higher predictive performance (r 2 =0.89; Q2=0.71). 3D pictures of compounds 1 and 44 that display high (eff.=62±4%; Figure 4 -6c) and low (eff.=14±3%; Figure 4 -6D) intrinsic activity, respectively, were constructed to illustrate the intrinsic activity hotspots by defining positive and negative ligand features (surfaces). the longer basic side chain of 44 places the hydrogen bond donor in a suboptimal position (Figure 4-6D) . Substituents at the r4 and r5 position (1) are positively correlated (shape) with intrinsic activity. hydrophobic substituents are favourable at position r5 (Figure 4-6c) . however substituents at position r7 (44) are unfavourable (shape and hydrophobic) for activity (Figure 4-6D) . 
A) Alignment of the 48 tested indolecarboxamides based on molecular interaction fields (MIFs). B) Correlation plot between Experimental and Predicted intrinsic activity values. Regression lines were fitted in the presence (red) or absence (blue) of outliers (see text for details). C-D) FLAP 3D-QSAR models with high intrinsic activity compound 1 (C) or low intrinsic activity compound 44 (D). Shown surfaces represent positive (solid) or negative (grating) effects of shape, H-bond donor or hydrophobic ligand features. Arrows indicate the most remarkable
differences between C and D. 
Indolecarboxamide binding in the hH 4 R binding pocket
We constructed hh 4 r models with unbiased compound 75 (Figure 4-7a) , high biased β-arrestin2 activity compound 1 (Figure 4 -7B) and low biased β-arrestin2 activity compound 44 ( Figure  4 -7c) in order to translate the identified ligand intrinsic activity features to molecular interactions with the hh 4 r binding pocket. We observed a clear interaction of the basic nitrogen of the methylpiperazine (1 and 75) and 3-aminomethyl pyrrolidine (44) with D 3.32 in tm3, which is key for histamine and JnJ 7777120 binding, as determined in previous studies 152, 153 . in addition, an interaction between the indole nitrogen with e 5.46 in tm5 is most likely to occur and consequently points the aromatic ring toward the hydrophobic cavity at the extracellular side of the hh 4 r 99, 151, 152, 157 . the nitro group of compound 75 seems to be directed towards tm5 and the chlorine atom is pointing slightly more upwards towards the extracellular side as compared to 1 (JnJ 7777120). the distance from the positively charged nitrogen in the pyrrolidine to the indole nitrogen (compound 44) is longer than for the respective methylpiperazine derivatives (e.g. 1), which resulted in a different positioning of the aromatic ring. Due to the hydrophobic methyl group at position r7 the aromatic ring is pointed more upwards and less in proximity to tm5 than the nitro substituent of compound 75 at this position (Figure 4-7) .
DISCUSSION AND CONClUSION
Despite the recent progress in gPcr structural biology and the current availability of both inactive and active gPcr structures 61, [64] [65] [66] 68, 72, 185, 194 it is still challenging to successfully predict ligand interaction points and efficacy switches. the recent evidence for multiple active gPcr states 226, 227 has added additional complexity and the molecular understanding of ligand-biased gPcr activation can be considered as one of the challenges in the field. Previously, we identified several biased ligands for the hh 4 r 140, 175 . although this biased activity seemed to be spread amongst different ligand classes, all five investigated indolecarboxamides showed a full bias toward β-arrestin2 recruitment. in this study we tested 48 indolecarboxamides with subtle structural differences in aromatic ring substituents and their basic side chain 220 . the 47 β-arrestin2-biased indolecarboxamides displayed a wide variation in potencies and intrinsic activities. the potencies correlated with previously published affinities 220 , which is in line with earlier observations that β-arrestin2 signalling is correlated with receptor occupancy and in line with the 1:1 stoichiometry of receptor and β-arrestin2 interaction in an enzyme fragment-based complementation assay 228 . no correlation was observed between affinity and intrinsic activities, making it worthwhile to identify the structural requirements for intrinsic activity. in a gα i protein-dependent reporter gene assay, compound 75 was the only compound that displayed agonism. intriguingly, this compound exhibited also the highest intrinsic activity in the β-arrestin2 recruitment assay and is therefore classified as an unbiased ligand. interestingly, the polar nitro group at position r7 did not match with the negative h (shape) miF coefficient in the constructed β-arrestin2-biased ligand intrinsic activity model. this could be explained by the fact that compound 75 is the only unbiased indolecarboxamide of this series and we hypothesize that 75 recruits β-arrestin2 to hh 4 r by potentially stabilizing a distinct receptor conformation as compared to the other indolecarboxamides . Using the binding mode of indolecarboxamides in the hh 4 r that was previously proposed and validated with site-directed mutagenesis data 152,157 as well as with the recently successfully applied FlaP method (hh 3 r, cXcr7 and calcium channel compounds 221, 222, 229 for 3D-QSar, we now identified receptor regions important for ligand efficacy. in the histamine h 3 r it was previously shown that the length between the charged groups in the ligand is important for intrinsic activity 230 . Because of the crucial interaction between D 3.32 and the basic nitrogen in the side chain of the indolecarboxamides, the position of the aromatic ring depends on the distance between this basic nitrogen and the indole nitrogen. Besides the length, also the different sub-stitutions at the aromatic ring are responsible for this ring placement in the binding pocket. the nitro group at position r7 of unbiased indolecarboxamide 75 seems able to form hydrogen bonds with threonine and serine residues in tm 5, which is possibly a crucial step in hh 4 r gα i activation. notably, these polar interactions cannot not take place for 1 and 44. interestingly, compound 51 that has an amine group at r7 does not show agonism in the gα i pathway, which could indicate that the polar interactions are made via a hydrogen bond accepting group in the ligand. there are multiple theories for gPcr activation mechanisms and most of them focus on the rearrangement of transmembrane helices such as 5, 6 and 7 in combination with aromatic sidechain rotamer switches 57, 231 . the efficacy of dopamine D1 agonists for camP stimulation has been correlated with ligand interactions with tm5 serines 232 . For the β2 adrenergic receptor (aDrB2) interaction with D 3.32 and an inward shift of tm5 was required for agonist activity as demonstrated by strong polar interactions between ligand and residues in tm5 [233] [234] [235] as well as an interaction between S 5.43 and n 6.55,236,237 . interestingly, these polar interactions with tm5 could be confirmed in the recent crystal structure models 71, 185 . in contrast, no tm5 movement was observed in the Α 2a ar, indicating that tm5 interactions are not a general phenomenon 238 151 and was identified as key determinant for ligand binding to h 4 r orthologs mutation of this n 4.57 residue as well as S 5.43 decreased the affinity of JnJ 7777120. the possible interaction of 75 with polar hh 4 r receptor residues is currently under investigation. Based on our dataset we observed that β-arrestin2 activation of the tested indolecarboxamides is less dependent on such polar interactions than gα i protein signalling. in a previous quantitative structure-affinity relationship study, the position r7 tolerated both lipophilic and polar moieties 220 . Yet, in the present study we show that (hydrophobic) substituents at this position are less favourable for biased β-arrestin2 recruitment. this illustrates that there are specific intrinsic activity hotspots that do not correspond with high affinity features. Substitutions (i.e. halogens or hydrophobic groups) on positions r6 or r7 seem to repulse the ligand from the tm5 region in the hh 4 r homology model, resulting in a lower intrinsic activity. Furthermore, the replacement of methylpiperazine with other basic side chains was found to be detrimental for intrinsic activity. With our FlaP 3D-QSar model we could identify an exact hotspot, namely the correct positioning of the h-bond donor miF generated by the positively charged nitrogen in the basic side chain, which interacts with D 3.32 in the h 4 r homology model. consequently, variations in the basic side chain resulted in a slightly different orientation of the aromatic ring. Based on the hh 4 r homology model we observed that the less effective compounds seem to point their aromatic ring more upwards to the extracellular side of hh 4 r and less towards the tm5 region, hence probably resulting in decreased β-arrestin2 recruitment.
in this study we have identified ligand and receptor features responsible for biased hh 4 r signalling by testing 48 indolecarboxamides with subtle structural differences. We discovered an unbiased indolecarboxamide (75) that is a full agonist in both gα i protein and β-arrestin2 signalling. all other compounds displayed a full bias toward β-arrestin2 recruitment. an extensive analysis of the ligand structures and corresponding intrinsic activity via a FlaP 3D-QSar model revealed β-arrestin2-biased activity hotspots, which were subsequently projected in a hh 4 r homology model to identify receptor regions that play a role in biased signalling. importantly, while a hydrogen bond acceptor that points toward the tm5 region is crucial for gα i protein signalling, this polar interaction is not necessary to induce β-arrestin2 recruitment by fully-biased ligands. in the latter case, intrinsic activity is probably dependent on subtle changes in orientation of the aromatic ring in the hydrophobic subpocket. identification of molecular features that are essential for (biased) ligands is important to predict compound intrinsic activity and allows the rational design of biased and unbiased hh 4 r ligands.
SUPPlEMENTAl FIGURE 4-I.
Basic side chains influence intrinsic activity in β-arrestin2 recruitment. 
U2OS-H4R cells were stimulated with indicated amount of indolecarboxamides. A) R5-Cl, R7-CH3 B) R7-F
